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arterioles; structural narrowing; hypertension; oxidative stress INWARD EUTROPHIC REMODELING is the most common structural change observed in resistance arteries and arterioles of individuals with essential hypertension (14, 22, 36, 43) . Vessels with this type of remodeling have a reduced passive luminal diameter with no significant change in wall cross-sectional area. The presence of inward eutrophic remodeling in hypertensive individuals has been associated with an increased incidence of life-threatening cardiovascular events (36, 43) , and although it has been shown to predict cardiovascular risk better than plasma cholesterol levels and pulse pressure amplitude, the stimuli that initiate the remodeling process and the mechanisms that control it remain incompletely understood. Studies in essential hypertensive individuals, animal models of hypertension, and isolated vascular preparations have suggested that prolonged vasoconstriction rather than prolonged intravascular pressure augmentation is the main stimulus responsible for inducing inward eutrophic remodeling. Hypertensive individuals treated with antihypertensive drugs that reduce cardiac output but do not affect vascular tone demonstrate a successful normalization of arterial blood pressure with no amelioration of the inward remodeling process (46, 47) . In comparison, normalization of arterial pressure with drugs that induce vasodilation, thereby reducing vascular tone, successfully eliminates the inward eutrophic remodeling of arterioles (11, 45) . Similar results have been reported in animal models of hypertension (9, 10, 13) . In vitro, we and others (1, 33) have demonstrated that prolonged exposure to a number of vasoconstrictor agonists is sufficient to induce inward eutrophic remodeling in isolated arterioles. Other in vitro studies (1, 2) have also suggested that prolonged vasoconstriction rather than increased intravascular pressure is the main stimulus responsible for inducing inward eutrophic remodeling.
Essential hypertension is consistently associated with augmented sympathetic outflow and activation of the renin-angiotensin (ANG) system (26) . At the vascular level, this implies that cells are exposed to increased levels of stimulation by norepinephrine (NE) and ANG II. These vasoconstrictor agonists also induce the activation of matrix metalloproteinases (MMPs) and the production of ROS (4, 5, 17, 20, 21, 54) . In conduit arteries, both MMPs and ROS have been implicated in the hypertrophic remodeling process associated with hypertension, but their role in the inward eutrophic remodeling process that occurs in resistance arteries is not known (6, 7) . Therefore, we designed the present study to test the hypothesis that MMPs and ROS play a role in the development of inward eutrophic remodeling of resistance arteries exposed to NE and ANG II.
MATERIALS AND METHODS

Animals
The Animal Care and Use Committee of the University of Missouri (Columbia, MO) approved all procedures involving animals in this study. Male Sprague-Dawley rats (250 -350 g) were used in the experiments. Before experimentation, rats had ad libitum access to standard rat chow and water for consumption while housed in pairs under a 12 h/day illumination regimen.
Isolated Vessel Preparation
Rats were anesthetized with an intraperitoneal injection of pentobarbital sodium (100 mg/kg). After surgical plane anesthesia was confirmed by loss of spinal reflexes, the right and/or left cremaster muscles were excised and pinned flat in a refrigerated (4°C) dissecting chamber containing physiological saline solution (PSS) [composed of (in mmol/l) 145.0 NaCl, 4.7 KCl, 2.0 CaCl 2, 1.2 MgSO4, 1.0 NaH 2PO4, 5.0 dextrose, 3.0 MOPS buffer, 2.0 pyruvate, 0.02 EDTA, and 0.15 BSA; pH 7.4]. A segment of the first-order (1A) feed arteriole from the cremaster muscle was isolated, removed, and placed in a cannulation and observation chamber (Living Systems Instrumentation, Burlington, VE) filled with MOPS-PSS without albumin as previously described (35) . Isolated arterioles were cannulated onto glass micropipettes filled with PSS with albumin. The upstream end of the arteriole was tied first onto an open pipette to remove red blood cells within the vascular lumen by application of gentle positive pressure (Յ20 mmHg) and flow. The downstream end of the arteriole was then cannulated and tied onto a closed micropipette. Arterioles were gradually pressurized to their in situ pressure of 60 mmHg (38) using a Pressure Servo System (Living Systems Instrumentation) and warmed to 34.5°C over 60 min. The chamber with the cannulated arteriole was transferred to the stage of an inverted microscope equipped with a video display and video caliper to record measurements of vessel luminal diameter (34) or the stage of a confocalmultiphoton microscopy system (Leica TCS SP5).
Experimental Protocols
Effect of prolonged exposure to NE ϩ ANG II. Isolated arterioles were subjected to a protocol designed to test the effects of prolonged exposure to NE ϩ ANG II on vascular remodeling. Only vessels that developed spontaneous myogenic tone were included in the experiments. The protocol consisted of a first exposure to 10 Ϫ4 M adenosine to dilate the vessel followed by incubation in Ca 2ϩ -free PSS containing 2 mM EGTA and adenosine (10 Ϫ4 M) to obtain maximum passive diameter. Vessels were then allowed to regain basal spontaneous tone in Ca 2ϩ -containing solution followed by a 4-h exposure to NE (10
The protocol was concluded by washing the vessels for 30 min to remove the vasoconstrictor agonists followed by an exposure to adenosine (10 Ϫ4 M) and then to Ca 2ϩ -free solution. A reduction in passive diameter upon the second exposure to Ca 2ϩ -free PSS compared with the first exposure was evidence of inward remodeling (33) .
Effect of MMP and ROS inhibition on prolonged NE ϩ ANG II exposure and remodeling. In these experiments, arterioles were subjected to a prolonged exposure to the NE ϩ ANG II protocol except that once arterioles had reestablished a stable basal tone after the initial exposure to adenosine and Ca 2ϩ -free solution, they were exposed separately to either GM-6001 (1.5 or 15 M) to inhibit MMPs (39), apocynin (300 M) to inhibit NADPH oxidase (56) and ROS (25) , tempol (250 M) to dismutate superoxide and scavenge H 2O2 (32) , or vehicle control. Any effects on basal tone occurring during the initial incubation period (20 min) with the MMP or ROS inhibitors were recorded. After the initial 20-min incubation with an inhibitor, vessels were subjected to a prolonged exposure to NE ϩ ANG II while in the presence of the inhibitor. The protocol was concluded by washing the vessels for 30 min to remove the vasoconstrictor agonists followed by an exposure to adenosine (10 Ϫ4 M) and then to Ca 2ϩ -free solution. Detection of MMP activity. IN SITU ZYMOGRAPHY. In these experiments, after arterioles had established a stable basal tone, they were exposed for the rest of the experiment to DQ gelatin (10 g/ml), a highly quenched fluorescein-labeled gelatin that, upon digestion by gelatinases MMP-2 and MMP-9, becomes bright green fluorescent. DQ gelatin was applied alone or in combination with NE ϩ ANG II. Immediately (5 min) after the application of DQ gelatin, arterioles were imaged with a multiphoton microscope (Leica TCS SP5) using a ϫ63 water-immersion 1.2 numerical aperture objective and the following parameters: excitation wavelength of 800 nm, emission detection with nondescanned detectors at a wavelength of 500 -550 nm, and z-sections at 2 m to cover the whole vessel. Images with the same parameters were taken every hour for 4 h. Four-dimensional reconstructions were performed using Imaris software (Bitplane). The fluorescence intensity was calculated for every three-dimensional image of the same dimensions that included the whole vessel.
Changes in fluorescence intensity over time were calculated and expressed as percent changes in fluorescence from the first image taken 5 min after the initial exposure to DQ gelatin. In an additional series of experiments, arterioles were incubated with GM-6001, tempol, apocynin, or vehicle control 20 min before and throughout the exposure to DQ gelatin with and without NE ϩ ANG II to determine the effect of MMP and ROS inhibition on the arteriolar in situ gelatinolytic activity.
GEL ZYMOGRAPHY. In these experiments, control arterioles and arterioles exposed for 4 h to NE ϩ ANG II with or without additional inhibitors were snap frozen in liquid nitrogen and homogenized in extraction buffer containing 10 mM Tris (pH 6.8), 7 M urea, 10% glycerol, 1% SDS, and protease inhibitors. After extraction, samples with an equal amount of protein were combined with sample buffer (Bio-Rad) under nonreducing conditions in a 1:1 ratio and loaded on a 10% polyacrilamide gel containing 0.1% gelatin (Bio-Rad). The same amount of total protein was loaded in each well. After electrophoresis, gels were incubated first in renaturing buffer (Bio-Rad) for 30 min and second in development buffer (Bio-Rad) at 37°C for 7-9 days. After being developed, gels were stained with brilliant blue and destained with a 50:40:10 mixture of methanol, water, and acetic acid for visualization of the bands where gelatin had been digested. Densitometric analyses of gelatinolytic bands were performed using a Bio-Rad ChemiDoc and Bio-Rad ImageLab software. Data were collected in arbitrary densitometric units and expressed as fold changes from the respective control.
Detection of ROS. Two ROS-sensitive fluorescent probes were used to assess intracellular ROS activity in isolated arterioles. Dihydroethidium (DHE) was used to detect superoxide, and 5-(and 6-)carboxy-2=,7=-dichlorodihydrofluorescein diacetate (DCFH) was used to detect H 2O2 (28) . In these experiments, arterioles with spontaneous myogenic tone were exposed for the rest of the experiment to either 5 M DHE or 30 M DCFH alone or in combination with NE ϩ ANG II. Immediately (5 min) after the application of DHE or DCFH, arterioles were imaged with a multiphoton microscope (Leica TCS SP5) using a ϫ63 water-immersion 1.2 numerical aperture objective and the following parameters: excitation wavelength of 800 nm, emission detection wavelength of 600 -700 nm for DHE or 500 -600 nm for DCFH, and z-sections at 2 m to cover the whole vessel. Images with the same parameters were taken every hour for 4 h. Four-dimensional reconstructions were performed using Imaris software (Bitplane). The fluorescence intensity was calculated for every three-dimensional image of the same dimensions that included the whole vessel. The background fluorescence intensity, obtained from the areas outside the arteriole, was calculated and subtracted from every three-dimensional image that included the whole vessel. Changes in fluorescence intensity of the arteriole over time were calculated and expressed as percent changes in fluorescence from the first image taken 5 min after the initial exposure to DHE or DCFH. In an additional series of experiments, arterioles were incubated with GM-6001, tempol, apocynin, or vehicle control 20 min before and throughout the exposure to DHE or DCFH to determine the effect of MMP and ROS inhibition on the intracellular activity of ROS.
Detection of the MMP message for expression by real-time RT-PCR. These experiments were performed to determine the level of message for the expression of gelatinases MMP-2 and MMP-9 in control arterioles and in arterioles exposed for 4 h to NE ϩ ANG II. For this purpose, arterioles were snap frozen in liquid nitrogen immediately after the end of the 4-h incubation protocol. Arteriolar RNA was extracted with an Ambion MELT total nucleic acid isolation system. RNA was reverse transcribed with Advantage RT-for-PCR (Clontech) and amplified by PCR. Real-time PCR assays were performed using a Cepheid Smart Cycler system and SYBR Premix Ex Taq (Takara). Primers were purchased from Realtimeprimers.com. Primer sequences were as follows: MMP-2, forward 5=-AAGATGTG-GCAACCCAGATG-3= and reverse 5=-ACTTTTAAGGCCCGAG-CAAA-3=; MMP-9, forward 5=-ACTTCTGGCGTGTGAGTTTC-3= and reverse 5=-TGTATCCGGCAAACTAGCTC-3=; and GAPDH, forward 5=-AGACAGCCGCATCTTCTTGT-3= and reverse 5=-CTT-GCCGTGGGTAGAGTCAT-3=. MMP expression was normalized to GAPDH expression for each sample. Expression of MMP in the NE ϩ ANG II-treated arterioles was determined relative to expression in control arterioles not exposed to NE ϩ ANG II using the 2 Ϫ⌬⌬CT method for analysis of relative changes in gene expression, where CT is threshold cycle (30) .
Chemicals
All drugs and chemicals were acquired from Sigma unless otherwise indicated. Adenosine was prepared as a stock solution at a concentration of 10 Ϫ2 M in PSS and added into the vessel bath to reach a concentration of 10 Ϫ4 M. NE was freshly prepared, first as a stock solution at 10 Ϫ2 M in light-protected vials and then further diluted to 10 Ϫ5.5 M as needed throughout the experiment. ANG II was first dissolved in double-distilled H2O to make a stock solution at a concentration of 10 Ϫ3 M and further diluted to 10 Ϫ7 M in PSS as needed during the experiment. DQ gelatin (Invitrogen) was diluted in double-distilled H2O to make a stock solution at a concentration of 10 mg/ml and further diluted in PSS to make a final working concentration of 10 g/ml as needed. GM-6001 was acquired from Chemicon (Millipore) as a 2.5 mM solution in DMSO and further diluted to 1.5 or 15 M in PSS as needed. Apocynin (Calbiochem) was diluted in DMSO to make a stock solution at 60 mM and further diluted in PSS to make a final working concentration of 300 M as needed. Tempol was prepared as a stock solution at a concentration of 50 mM in PSS and added into the vessel bath to reach a concentration of 250 M. DHE (invitrogen) was first diluted in DMSO to make a stock solution of 5 mM, aliquoted in light-protected vials at 25 l, and immediately lyophilized. On the day of the experiment, each vial was reconstituted with 25 l DMSO and further diluted to a final concentration of 5 M in PSS as needed. DCFH (Invitrogen) was first diluted in DMSO at a concentration of 15 mM and further diluted in PSS to make a final working solution at 30 M.
Data Analyses
Data are presented as means Ϯ SE. Diameters are expressed as percentages of the maximal diameter obtained during the first exposure to Ca 2ϩ -free PSS plus adenosine or as percent changes in diameter from the original diameter obtained under the same conditions before the prolonged exposure to NE ϩ ANG II. In situ gelatinolytic activity and in situ ROS activity are expressed as changes in fluorescence from the first fluorescence intensity obtained after 5 min of fluorophore exposure to the fluorescence intensity obtained after 4 h of incubation with the fluorophore. The gelatinolytic activity of MMP-2 in the gel zymograms was obtained in arbitrary densitometric units with a Bio-Rad ChemiDoc XRS and Bio-Rad ImageLab software and expressed as fold changes from its respective control. Paired t-tests were performed to determine the effect of prolonged exposure to NE ϩ ANG II on basal tone, adenosinemediated dilation, and maximal passive diameter within vessels under the same treatment. Across experimental treatments, comparisons were made by ANOVA followed by Fisher's protected least-significant-difference test. P values of Յ0.05 were considered significant.
RESULTS
Prolonged Exposure to NE ϩ ANG II Induces Inward Eutrophic Remodeling, Activates MMPs, and Generates ROS
NE ϩ ANG II induced consistent and continuous vasoconstriction of arterioles throughout the 4-h exposure to the agonists (Fig. 1A) . When the agonists were washed from the vessels for 30 min, arterioles remained partially constricted, indicating a greater level of spontaneous tone compared with the level of spontaneous tone they had before exposure to the agonists (Fig. 1B) . The diameters observed upon exposure to adenosine and Ca 2ϩ -free solution were also significantly smaller after the prolonged exposure to NE ϩ ANG II than before exposure to the vasoconstrictor agonists (Fig. 1B) . This indicated that 4 h of exposure to NE ϩ ANG II induced inward remodeling in isolated arterioles. Arterioles maintained for 4 h under similar conditions but not exposed to NE ϩ ANG II did not remodel (Fig. 1, A and B) .
In addition to inducing inward remodeling, prolonged exposure to NE ϩ ANG II also induced the production and activation of MMP-2, as detected by real-time RT-PCR and gel zymography. Compared with control arterioles maintained cannulated and pressurized for 4 h but not exposed to any agonists, arterioles exposed to NE ϩ ANG II had a 2.19 Ϯ 0.02-fold (n ϭ 3) increase in message for MMP-2 expression. MMP-9 was not detectable. Arterioles exposed to NE ϩ ANG II also had greater activities of both latent (72 kDa) and active (64 kDa) MMP-2 bands in zymogram gels compared with control arterioles (Fig. 1C) . To determine the net activity of the gelatin metalloproteinases in the intact arteriolar wall, we also performed in situ zymography. In situ zymography, arterioles exposed to NE ϩ ANG II had greater gelatinolytic activity than controls, as measured by the increased lysis and fluorescence emission of DQ gelatin during the 4-h exposure to the vasoconstrictor agonists (Fig. 1D) .
Production of ROS also increased in response to the prolonged exposure to NE ϩ ANG II. The intracellular fluorescence emitted by DCFH in arterioles exposed for 4 h to NE ϩ ANG II increased at a rate nearly 100 times greater than in control arterioles not exposed to the vasoconstrictor agonists (Fig. 1E ). This suggests that NE ϩ ANG II significantly augmented the intracellular production of H 2 O 2 . The rate of increase in intracellular fluorescence emitted by arterioles loaded with DHE and exposed to NE ϩ ANG II was also greater than that in arterioles not exposed to NE ϩ ANG II (Fig. 1F) . Because fluorescence emitted by DHE is predominantly related to the production of superoxide, these results indicate that prolonged exposure to NE ϩ ANG II increased the production of superoxide anions in the wall of isolated arterioles.
MMP Inhibition Prevents the Development of Inward Remodeling Induced by Prolonged Exposure to NE ϩ ANG II
Incubation of arterioles with a broad-spectrum inhibitor of MMPs, GM-6001 (1.5 and 15 mol/l), prevented the 4-h incubation with NE ϩ ANG II from inducing inward remodeling (Fig. 2) . At a concentration of 15 mol/l, GM-6001 also prevented the augmented level of tone and the reduced level of vasodilation to adenosine observed in arterioles exposed to the vasoconstrictor agonists without GM-6001. The initial maximal (within 5 min) vasoconstrictor response to NE ϩ ANG II was reduced (ϳ50%) by GM-6001 at a concentration of 15 mol/l but not at 1.5 mol/l. However, at 1.5 mol/l, GM-6001 caused the vasoconstriction to NE ϩ ANG II to wane over time. After 4 h of incubation with NE ϩ ANG II while in the presence of the vasoconstrictor agonists, only arterioles exposed to 0.06% DMSO (vehicle control) remained fully Fig. 1 . Prolonged exposure to norepinephrine (NE) ϩ ANG II induces inward remodeling, activates matrix metalloproteinases (MMPs), and generates ROS in isolated, cannulated, and pressurized rat cremaster arterioles. A: arterioles were exposed to NE (10 Ϫ5.5 M) ϩ ANG II (10 Ϫ7 M) for 4 h (n ϭ 5) or maintained pressurized for the same period (n ϭ 5; time control). Before and after the 4-h incubation with or without NE ϩ ANG II, arterioles were allowed to develop spontaneous myogenic tone and were exposed to adenosine (Ado; 10 Ϫ4 M) and then to Ca 2ϩ -free solution. Data are expressed as percentages of the maximal diameter obtained under Ca 2ϩ -free conditions before the 4-h incubation with or without the vasoconstrictor agonists. B: comparisons were made between control (n ϭ 5) and NE ϩ ANG II-exposed (n ϭ 5) arterioles on the percent changes in diameter occurring after versus before the 4-h incubation period at spontaneous tone, Ado dilation, and maximal passive diameter (Ca 2ϩ -free conditions; 0Ca). C: pools (n ϭ 3) of four control or four NE ϩ ANG II-treated arterioles were subjected to gel zymography. Bands representing gelatinolytic activity were analyzed by densitometry and expressed as fold changes from the control for the activity of latent (72 kDa) and active (64 kDa) forms of MMP-2. Contrast was optimized for the best visualization of the bands on the digitized image of the zymogram gel. D: arterioles incubated for 4 h with (n ϭ 4) or without (n ϭ 4) NE ϩ ANG II were coincubated with DQ gelatin (10 g/ml). Three-dimensional (3-D) images of the arterioles were obtained with a multiphoton microscope every hour for 4 h. constricted. All other arterioles had significantly greater diameters.
Incubation of arterioles with GM-6001 prevented the activation of MMPs, as indicated by the reduced activity of MMP-2 in gel zymography and the reduced fluorescence of DQ gelatin (i.e., gelatinolytic activity) in situ (Fig. 3, A and B) . Importantly, incubation with GM-6001 or its vehicle did not significantly affect the increased production of ROS induced by the prolonged incubation with NE ϩ ANG II (Fig. 3, C and  D) . As NE and ANG II exert their actions in part via an MMP-dependent transactivation of growth factor receptors and downstream production of superoxide (21, 55), we performed a series of experiments to determine the effect of MMP inhibition with GM-6001 on the production of superoxide induced by incubation with either ANG II or NE alone. DHE-dependent fluorescence indicated that, at the concentrations used, NE caused a 19% greater increase in superoxide production than ANG II (Fig. 3, E and F) . Inhibition of MMP activity with 15 mol/l GM-6001 significantly blunted the DHE-dependent fluorescence in NE-exposed arterioles (Fig.  3E) but not in ANG II-exposed arterioles (Fig. 3F) .
ROS Inhibition Prevents the Development of Inward Remodeling and the Activation of MMPs Induced by Prolonged Exposure to NE ϩ ANG II
The inward remodeling induced by prolonged exposure to NE ϩ ANG II was prevented by incubation of arterioles with the NADPH oxidase inhibitor and antioxidant apocynin (300 mol/l) as well as with the SOD mimetic tempol (250 mol/l). Both apocynin and tempol also significantly reduced the level of spontaneous myogenic tone observed in arterioles and prevented the impaired relaxation response to adenosine that occurred after the prolonged exposure to NE ϩ ANG II (Fig. 4) .
Incubation of arterioles with apocynin or tempol prevented the activation of MMP-2 induced by NE ϩ ANG II, as detected by gel zymography, and reduced the overall gelatinolytic activity of arterioles in situ (Fig. 5, A and B) . Whereas apocynin reduced the rate of the DCFH fluorescence increase caused by NE ϩ ANG II, tempol increased it (Fig. 5C ). In comparison, both tempol and apocynin reduced the rate of DHE fluorescence caused by the prolonged exposure to NE ϩ ANG II (Fig. 5D) . -free conditions before the 4-h incubation period. D: comparisons were made between incubation treatments (NE ϩ ANG II ϩ 0.6% DMSO, n ϭ 7; NE ϩ ANG II ϩ 15 M GM-6001, n ϭ 6) on the percent changes in diameter occurring after versus before the 4-h incubation period at spontaneous tone, Ado dilation, and maximal passive diameter (Ca 2ϩ -free conditions). *P Յ 0.05 compared with DMSO 0.6%. Fig. 3 . MMP inhibition diminished the superoxide generated by NE stimulation and the gelatinolytic activity induced by prolonged exposure to NE ϩ ANG II but not the superoxide generated by stimulation with ANG II alone or in combination with NE. A: pools (n ϭ 3) of arterioles from NE ϩ ANG II ϩ 0.6% DMSO or NE ϩ ANG II ϩ 1.5 M GM-6001 incubation treatments were subjected to gel zymography. Bands were analyzed by densitometry and expressed as fold changes from the DMSO (vehicle control) treatment for the activity of latent (72 kDa) and active (64 kDa) forms of MMP-2. Contrast was optimized for the best visualization of the bands on the digitized image of the zymogram gel. B: arterioles incubated for 4 h with NE ϩ ANG II ϩ 0.6% DMSO (n ϭ 4) or NE ϩ ANG II ϩ 15 M GM-6001 (n ϭ 4) were coincubated with DQ gelatin (10 g/ml). 
DISCUSSION
The primary finding of the present study is that prolonged exposure to NE ϩ ANG II induced inward remodeling associated with a ROS-dependent activation of MMPs in isolated arterioles. We previously showed (33) and corroborated in the present study that prolonged exposure (4 h) of isolated, cannulated, and pressurized arterioles to NE ϩ ANG II is sufficient to induce inward eutrophic remodeling. In this study, we used this model of arteriolar remodeling to examine the mechanisms involved in the initial stages of the remodeling process. Prolonged sympathetic stimulation and activation of the renin-ANG system have been implicated with hypertension and arteriolar remodeling as well as with increased activity of MMPs and ROS in vascular tissues (4, 5, 17, 20, 21, 23, 26, 54) . To determine the roles of MMPs and ROS in the remodeling process, we first determined that in isolated skeletal muscle arterioles, prolonged exposure to NE ϩ ANG II indeed induced MMP activation and ROS production. This was indicated by the increased activity of MMP-2 in arterioles exposed to NE ϩ ANG II, as observed in gel zymography. Furthermore, the increased gelatinolytic activity observed in in situ zymography as well as the increase message for MMP-2 detected with real-time RT-PCR indicated that exposure to NE ϩ ANG II augmented both the production of the enzyme as well as its net activity at the tissue level. Of the gelatinases, only MMP-2 and not MMP-9 was expressed and activated upon exposure of arterioles to NE ϩ ANG II. A previous study (8) has shown a relationship between MMP-2 activation and activity of membrane-bound MMPs. In addition, adrenergic stimulation of rat mesenteric resistance arteries is known to promote the activation of MMP-7 (20) . Therefore, activation of additional MMPs other than MMP-2 by NE ϩ ANG II in arterioles is likely, but their identity remains to be determined. That prolonged exposure to NE ϩ ANG II induced ROS production was corroborated by the increased DCFH-and DHE-dependent fluorescence of arterioles exposed to the vasoconstrictor agonists for 4 h. As DCFH and DHE have selectivity for the detection of H 2 O 2 and superoxide, respectively (28) , this indicated that both ROS were increased upon exposure of the arterioles to NE ϩ ANG II. Hypertension as well as sympathetic stimulation Fig. 4 . ROS inhibition with apocynin or tempol prevents the development of inward remodeling induced by prolonged exposure to NE ϩ ANG II. A: arterioles were incubated with NE (10 Ϫ5.5 M) ϩ ANG II (10 Ϫ7 M) for 4 h in the absence (n ϭ 5) or presence (n ϭ 9) of 250 M tempol. Before and after the 4-h incubation, arterioles were allowed to develop spontaneous myogenic tone and exposed to Ado (10 Ϫ4 M) and then to Ca 2ϩ -free solution. Data are expressed as percentages of the maximal diameter obtained under Ca 2ϩ -free conditions before the 4-h incubation period. B: comparisons were made between incubation treatments (NE ϩ ANG II, n ϭ 5; NE ϩ ANG II ϩ tempol, n ϭ 9) on the percent changes in diameter occurring after versus before the 4-h incubation period at spontaneous tone, Ado dilation, and maximal passive diameter (Ca 2ϩ -free conditions). *P Յ 0.05 compared with NE ϩ ANG-II control. C: arterioles were incubated with NE (10 Ϫ5.5 M) ϩ ANG II (10 Ϫ7 M) for 4 h in the presence of 0.5% DMSO (vehicle control; n ϭ 8) or 300 M apocynin (n ϭ 7). Before and after the 4-h incubation, arterioles were allowed to develop spontaneous myogenic tone and exposed to Ado (10 Ϫ4 M) and then to Ca 2ϩ -free solution. Data are expressed as percentages of the maximal diameter obtained under Ca 2ϩ -free conditions before the 4-h incubation period. D: comparisons were made between incubation treatments (NE ϩ ANG II ϩ DMSO, n ϭ 8; NE ϩ ANG II ϩ apocynin, n ϭ 7) on the percent changes in diameter occurring after versus before the 4-h incubation period at spontaneous tone, Ado dilation, and maximal passive diameter (Ca 2ϩ -free conditions). *P Յ 0.05 compared with DMSO 0.5%. and ANG II have been shown to increase the activity of a number of pathways that promote the production of ROS in vascular tissues and cells (51, 52) . Although the most likely contributor of ROS in arterioles is the enzyme NADPH oxidase, other potential ROS-producing pathways may also be activated by the prolonged exposure to NE ϩ ANG II (21) . Inhibition of MMP activation or ROS production in isolated arterioles prevented the development of inward remodeling, suggesting that both MMPs and ROS are needed in the remodeling process. In addition to preventing inward remodeling, MMP inhibition also reduced the level of vasoconstriction induced by exposure to NE ϩ ANG II. Whereas 15 mol/l GM-6001 diminished the initial NE ϩ ANG II-induced constriction by ϳ50%, 1.5 mol/l GM-6001 did not prevent the initial maximal contraction but caused a gradual loss of vasoconstriction over the 4-h exposure to the agonists. Importantly, this reduced vasoconstrictor response to NE ϩ ANG II caused by MMP inhibition is not the mechanism responsible for the remodeling blockade. This is evidenced by the fact that DMSO used at a concentration of 0.6%, as a vehicle control for the 15 mol/l GM-6001 treatment, also caused a gradual reduction in vasoconstriction without affecting the inward remodeling process. In addition, we (33) have previously demonstrated that a prolonged (4 h) exposure to ANG II alone induces inward eutrophic remodeling while only causing a marginal and transient vasoconstriction beyond the level of spontaneous myogenic tone normally observed in resistance arterioles. Collectively, this indicates that MMP activation is an essential com- ponent of the arteriolar inward remodeling process associated with prolonged stimulation with NE ϩ ANG II independent from the level of vasoconstriction. Moreover, these data are congruent with reports (16, 53) indicating that hypertension is associated with increased plasma levels of MMPs.
NE and ANG II exert their actions on cells in part via an MMP-dependent transactivation of growth factor receptors (55) . This transactivation pathway results in the downstream production of ROS (21) . Therefore, it was intriguing that MMP inhibition in the present study did not result in a significant reduction in ROS production when arterioles were stimulated with both vasoconstrictor agonists. Stimulation of arterioles with NE or ANG II alone indicated that MMP inhibition only blunted superoxide production in NE-stimulated arterioles. Thus, a potential explanation for the lack of reduction in ROS production when arterioles were stimulated with both vasoconstrictors is that ANG II can generate ROS through pathways independent of MMPs that involve the activation of the enzyme NADPH oxidase (12, 24) . ROS produced by either NADPH oxidase or mitochondria can stimulate ROS production by both mitochondria and NADPH oxidase, which generates a positive and vicious feedback loop (12) . This vicious loop may account for the small effect that MMP blockade had on reducing ROS production when both vasoconstrictors were applied together as NADPH oxidase activation by ANG II may induce mitochondrial ROS production in the absence of MMP involvement.
As mentioned above, inhibition of ROS production prevented the development of inward eutrophic remodeling. Both the NADPH oxidase inhibitor and antioxidant apocynin as well as the SOD and catalase mimetic tempol prevented arterioles exposed for 4 h to NE ϩ ANG II from developing inward remodeling. Neither apocynin nor tempol significantly affected the level of vasoconstriction induced by NE ϩ ANG II throughout the 4 h of exposure to the vasoconstrictor agonists. They did, however, significantly reduce the level of spontaneous myogenic tone observed in pressurized vessels, as previously reported (31, 42) . Importantly, ROS inhibition by either apocynin or tempol reduced the arteriolar activity of MMP-2 in gel zymography and reduced the overall gelatinolytic activity of arterioles in situ, thus indicating that ROS production is upstream from MMP activation in the inward remodeling process associated with prolonged exposure to NE ϩ ANG II. Treatment with tempol or apocynin reduced the rate of the DHE fluorescence increase induced by the prolonged exposure of arterioles to the vasoconstrictor agonists. This indicated that either treatment reduced the production of superoxide induced by NE ϩ ANG II. In comparison, only apocynin significantly reduced the rate of the DCFH fluorescence increase associated with NE ϩ ANG II exposure. Tempol increased it. This implies that tempol facilitated the dismutation of superoxide into H 2 O 2 and suggests that superoxide, rather than H 2 O 2 , is the main ROS associated with the activation of MMPs during the process of NE ϩ ANG II-induced inward remodeling of arterioles.
A reduced level of nitric oxide (NO)-dependent signaling has been shown to augment the inward remodeling process (41) , and ROS production during prolonged ANG II-induced vasoconstriction reduces the bioavailability of NO. Thus, it is likely that the NO-scavenging actions of ROS favor the inward remodeling process. However, in our in vitro model of isolated arterioles without luminal flow, the endothelial contribution of NO is minimal (40) , which suggests that a mere reduction in NO bioavailability is not sufficient to induce inward remodeling in the time frame of this study's experimental conditions. On the other hand, ROS have been shown to induce the synthesis and modulate the activity of a number of MMPs, tissue inhibitors of MMPs, and a desintegrins and metalloproteases (ADAMs) (18, 27, 48, 50) . One mechanism responsible for the activation of MMPs by ROS includes modulation of the thiol interaction between the prodomain and catalytic domain of the enzymes (27) . Because ROS do not induce the synthesis of all MMPs and appear to modulate the activities of multiple MMPs in different fashions (27, 49) , it remains to be determined which specific MMPs in addition to MMP-2 are produced and activated by ROS during the inward remodeling process. However, as MMP-7 and ADAM-12 have been implicated in the induction of cardiac hypertrophy and remodeling in hypertension (55) , these enzymes are likely candidates to be involved in the inward remodeling process associated with NE ϩ ANG II stimulation in resistance vessels.
MMPs and ROS have been previously associated with vascular remodeling, but only with the structural change observed in conduit arteries in response to a number of pathological conditions or the outward remodeling associated with increased flow in resistance arteries (3, 7, 15, 19, 29, 37) . To our knowledge, this study is the first direct evidence that ROSdependent activation of MMPs is implicated in the inward remodeling of resistance arterioles. Previously, we (35) have shown that vascular smooth muscle cells change their position during prolonged agonist-induced vasoconstriction. Thus, a potential contribution of MMP activation to the inward remodeling process may include the partial degradation of extracellular matrix proteins and cellular attachments to allow for vascular smooth muscle cells to change their position during prolonged agonist-induced vasoconstriction. The activation of MMPs may also favor the inward remodeling process by cleaving cellular receptors needed for agonist-dependent vasodilation (44) , as impairment of vasodilatory pathways has been shown to induce inward eutrophic remodeling in resistance vessels (41) . In summary, the association of ROS and MMPs with remodeling suggests that mechanisms related to their activity, such as cytoskeletal turnover, release of cytokines or chemokines from extracellular matrix components, cleavage of cellular receptors, and/or extracellular matrix degradation, are needed in the early stages of the inward remodeling process.
